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ABSTRACT 

Top-down mass spectrometry (TD-MS) of peptides and proteins results in product ions that can 

be correlated to polypeptide sequence. Fragments can either be terminal fragments, which contain 

either the N- or the C-terminus, or internal fragments that contain neither termini. Normally, only 

terminal fragments are assigned due to the computational difficulties of assigning internal 

fragments. Here we describe ClipsMS, an algorithm that can assign both terminal and internal 

fragments generated by top-down MS fragmentation. Further, ClipsMS can be used to locate 

various modifications on the protein sequence. Using ClipsMS to assign TD-MS generated product 

ions, we demonstrate that for apo-myoglobin, the inclusion of internal fragments increases the 

sequence coverage up to 78%. Interestingly, many internal fragments cover complimentary regions 

to the terminal fragments that enhance the information that is extracted from a single top-down 

mass spectrum. Analysis of oxidized apo-myoglobin using terminal and internal fragment 

matching by ClipsMS confirmed the locations of oxidation sites on the two methionine residues. 

Internal fragments can be beneficial for top-down protein fragmentation analysis, and ClipsMS 

can be a valuable tool for assigning both terminal and internal fragments present in a top-down 

mass spectrum.  
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INTRODUCTION 

Top-down mass spectrometry (TD-MS) has become a prominent tool for the analysis and 

characterization of intact proteins and protein complexes.1-2 TD-MS analysis of proteins and 

protein complexes has many advantages, including the ability to detect and identify degradation 

products, sequence variations, post-translational modifications (PTMs), and other proteoforms.3 

TD-MS has progressed significantly in the last decade owing to advances in instrumentation and 

associated technologies.4-6 For example, TD-MS has recently been utilized for the characterization 

and analysis of heterogeneous samples, large noncovalent protein complexes, and intact 

monoclonal antibodies.7 Despite these advances, however, the application of TD-MS for profiling 

PTMs and proteoforms is limited in sensitivity and scope, as data produced by top-down MS 

methods are not as easily analyzed compared to bottom-up proteomics. 

TD-MS analysis of intact proteins typically starts by forming multiply charged gas-phase proteins 

using electrospray ionization (ESI).8-9 The protein ions can then be activated and fragmented by 

collision-,10-11 photon-,12-13 or electron-based dissociation methods14-16 to generate product ions 

that can be assigned to the protein primary sequence.17 Product ions formed by top-down MS can 

either be i) a terminal fragment ion, which includes the N-terminus (a, b, or c fragment) or the C-

terminus (x, y, or z fragment) of the polypeptide sequence,18 or ii) an internal fragment ion that 

results from multiple cleavage events of the protein backbone to generate ax, ay, az, bx, by, bz, cx, 

cy, and cz fragment ions, with the first letter designating the cleavage site on the N-terminal side 

of the fragment and the second letter designating the cleavage on the C-terminal side of the 

fragment.19-21 The isotopically resolved mass spectral signals22 can be matched to regions of the 

sequence to return information about the protein’s primary structure. Within a single protein 
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fragmentation mass spectrum, there can be hundreds of product ion signals that could be 

assignable.  

Assignment of mass spectral signals within a mass spectrum can be a long and arduous task that 

can require manual comparisons of experimentally measured masses to lists of computed 

theoretical masses to return putative information of the protein sequence. There has been 

significant development of software tools to aid the deconvolution and automated assignment of 

TD mass spectral signals. For example, ProSight PTM 2.0 and ProSightLite, developed by the 

Kelleher group, are applications that match a deconvoluted mass list from a fragmentation mass 

spectrum to a theoretical mass list.23 Similarly, Ge and co-workers developed MASH Explorer, 

which allows the user to load a mass spectrum, deconvolute the peaks present in that spectrum, 

and match the resulting values to theoretical masses from a given protein sequence.24 Although 

these and other tools are potentially powerful, these programs largely consider only the assignment 

of terminal fragments, which could leave many peaks in a fragmentation mass spectrum, including 

those representing internal fragments, to be unassigned. These unassigned signals, that we 

colloquially term as “dark matter” of a fragmentation mass spectrum, could provide valuable 

information if assigned correctly to the protein sequence.  

However, internal fragment ions have been largely ignored due to the difficulty of accurately and 

efficiently assigning these mass spectral signals. As the size of the protein increases, the number 

of internal fragments that can be generated increases exponentially, hence increasing the false 

discovery rates limiting the accuracy of these assignments.25-26 Due to this, internal fragment ion 

analysis of top-down mass spectra has been limited to peptides and small proteins. Despite the 

limitations associated with extending the use of internal fragment ion analysis on larger proteins, 



 5 

the inclusion of accurately assigned internal fragment ions could offer richer sequence and 

structural information.  

Recently, the assignment of internal fragment signals for the analysis of protein ions in TD-MS 

experiments has been reported. Kelleher and co-workers demonstrated that for collision induced 

dissociation of ubiquitin (8.6 kDa), the inclusion of internal fragments resulted in a greater fraction 

of the fragmentation spectrum to be explained.21 Loo and co-workers recently demonstrated that 

internal fragments can be formed by electron-based fragmentation of ubiquitin and carbonic 

anhydrase II (29 kDa).26 Although these reports suggest that internal fragments can significantly 

enhance the information obtained from a TD-MS experiment, which could be beneficial for 

localizing sites of protein modifications, to date there have been few readily available 

computational methods that can be utilized to assign internal fragment ions. 

Here, we describe an algorithm developed in Python, coined ClipsMS (Comprehensive 

Localization of Internal Protein Sequences), that can be utilized to assign both terminal and 

internal fragments resulting from a top-down mass spectrometry experiment. This algorithm 

generates every possible terminal and internal fragment, compares those fragments against a 

deconvoluted mass list, and graphically displays the data. We demonstrate the use of ClipsMS for 

the analysis of top-down mass spectra of wild type (wt) and oxidized apo-myoglobin. Assigning 

internal fragment masses is shown to increase sequence coverage of the protein sequence and 

confidence in the location of modified sites present on the protein. 
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EXPERIMENTAL 

Materials: Apo-myoglobin from equine skeletal muscle was purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and used without further purification. LC/MS grade water and methanol were 

obtained from Fisher Chemical (Hampton, NH, USA). Hydrogen peroxide (H2O2) was obtained 

from Sigma-Aldrich (St. Louis, MO, USA). 

Sample Preparation: The oxidized form of apo-myoglobin was prepared by reaction with 

hydrogen peroxide at a 1:10 ratio of molar concentration (H2O2/ apo-myoglobin = 1:10) at 37°C 

for 30 min. Both wild type and oxidized apo-myoglobin were dissolved in water/ methanol/ formic 

acid (49.5:49.5:1, v/v/v) at a concentration of 20 µM. 

Mass Spectrometry: All experiments were conducted on a 15-T Bruker SolariX Fourier transform 

ion cyclotron resonance (FTICR)-MS instrument equipped with an infinity ICR cell (Bruker 

Daltonics, Billerica, MA, USA). Protein solutions were loaded into in-house pulled capillaries 

coated with gold, and electrosprayed by applying a voltage between 0.8 and 1.2 kV on the ESI 

capillary. MS1 spectra were collected of wildtype and oxidized myoglobin and the spectra were 

deconvoluted with UniDec.27 Broadband ECD experiments were conducted without precursor 

isolation. For ECD fragmentation of wild type apo-myoglobin, the pulse length was set at 0.1s, 

with a lens voltage at 50 V and an ECD bias voltage at 2V. For ECD fragmentation of the oxidized 

form, the lens and bias voltage were kept the same, while the pulse length was set at 0.025s to 

obtain an optimized ECD fragmentation. For each spectrum, 200 scans were obtained. The data 

was deconvoluted with the SNAPTM 2.0 algorithm from the Bruker Daltronics DataAnalysis 

software. 
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Algorithm Development and Parameters 

The algorithm and GUI were designed in PyCharm 2020.2. The program runs on at least python 

3.7 and is available on GitHub (https://github.com/loolab2020/ClipsMS-Version-1.0.0). Because 

ECD was performed on myoglobin, c, z, and cz fragments were searched for both wildtype and 

oxidized myoglobin. At the end of every N-terminal fragment a hydrogen atom (1.00783) is added 

to complete the amino group, and at the end of every C-terminal fragment a hydroxyl group 

(17.00274) is added to complete the carboxyl group (Figure S1A). The error given to the program 

was 2 ppm, the smallest internal fragment size is 5, and any fragments containing n-terminal cuts 

at proline residues were disregarded as false positives. In both instances, the biased version of the 

algorithm was run. For the oxidized version of the protein, fixed modifications corresponding to 

oxidation (15.99491Da) were added to methionine 55 and methionine 131. A variable modification 

corresponding to a hydrogen atom (1.00783Da) was also added to each fragment.  

Sequence coverage was calculated as number of inter-residue cleavages divided by the total 

number of inter-residue sites. The number of cleavage site was calculated as the number of unique 

cleavage sites not already cut by another fragment. The coverage for a PTM site was designated 

as the number of times that the modified amino acid was covered by a unique fragment.  
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RESULTS 

Graphical user interface of ClipsMS 

A graphical user interface (GUI) was designed for ClipsMS so the user can easily compare 

theoretical fragments of a peptide or protein sequence against a user specified deconvoluted mass 

list from a top-down mass spectrum (Figure 1A). The algorithm can generate any theoretical 

terminal and internal fragment from a given amino acid sequence with a user defined minimum 

sequence length for internal fragments. Users can select the fragment types that can be formed by 

their experiments and set the mass error tolerance for matching. In addition, modifications can be 

accounted for: to include fixed modifications, where a single amino acid site has been modified, 

and variable modifications in which modifications can occur on any amino acid site. Once the user 

inputs the information required, the user can run either a biased version of the algorithm where 

terminal fragments are weighted higher than internal fragments, or an unbiased version of the 

algorithm where both terminal and internal fragments are weighted the same.  
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Figure 1. A. The graphical user interface (GUI) for ClipsMS. The user can input several key 
parameters including the error allowed, the smallest internal fragment size, the sequence, the 
observed fragments, any modifications on the sequence and the type of fragments to search. B. 
The workflow of the algorithm and how it matches peaks input by the user. The algorithm 
calculates all theoretical terminal and internal fragments, matches all peaks, makes decisions on 
which assignments to keep, and automatically generates figures. 

 

Processing and generation of theoretical fragments and fragment matching using ClipsMS 

The algorithm calculates a molecular weight based on the amino acid sequence (Table S1) plus a 

H+ (1.00728 amu) to return the monoisotopic [M+H]+ mass (Figure 1B). Next, all possible a, b, 

c, x, y, and z terminal fragments of the protein are calculated and stored as a list (Figure 1B, Figure 

S1A). After terminal fragments are calculated, those fragments are used to calculate the mass of 

all possible internal fragments: ax, ay, az, bx, by, bz, cx, cy, and cz fragments of a protein (Figure 

1B, Figure S1B). All fragment masses are calculated as monoisotopic [M+H]+ masses.  

After the base theoretical fragment masses of the amino acid sequence have been generated, these 

masses are compared against a given deconvoluted mass list (Figure 1B). Each observed mass in 

the deconvoluted mass list is compared against every theoretical terminal and internal mass for 

completeness. If modifications have been imported, the shift in mass will be accounted for by the 

algorithm. The modifications the algorithm accounts for are: (i) fixed modifications, (ii) variable 

modifications, and (iii) terminal modifications. (i) Fixed modifications are treated as static 

modifications that occur on a single amino acid and will not detach from the protein. This would 

include previously located PTMs, nonstandard mutations (e.g., selenocysteine), the absence of 

hydrogen atoms from oxidized cysteine residues, and/or user modified proteins. These 

modifications are added to every terminal and internal fragment that contains that amino acid at a 

given site before the fragment is compared against the deconvoluted values (Figure 1B). (ii) 
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Variable modifications include modifications that are not attributed to a specific amino acid. This 

may include addition or subtraction of hydrogen atoms or water molecules, PTMs where the 

location is not known, or ligands where the location is not known. Variable modifications are 

added to each mass after the unmodified theoretical masses have been searched (Figure 1B). These 

modifications were designed to allow for both unmodified and modified peaks to be analyzed. (iii) 

Terminal modifications are added to the end of every C or N terminal fragment before comparing 

that fragment against the deconvoluted values (Figure 1B). The terminal modifications do not 

affect internal fragments matching as they do not contain either terminus. If the measured mass 

error of an observed fragment compared to a theoretical fragment is within the error tolerance set 

by the user, the fragment is counted as a match. 

After deconvoluted masses are matched with the theoretical masses, matches that cannot occur are 

automatically deleted from the matched list (Figure 1B). This includes matches that contain c and 

z fragmentation at proline residues, which can be optioned out in the GUI (Figure 1A), or matches 

containing improbable variable modifications. An example of an improbable variable modification 

could be a match that contains a mass shift equal to phosphorylation on a fragment not containing 

a serine, threonine, or tyrosine. If a fragment contains a modification but does not have the amino 

acids required, the match is designated as a false positive and removed from the list. The masses 

of variable modifications and the amino acids on which they occur can be input by the user with 

the GUI (Figure 1A). These safeguards help reduce false positives and generate more accurate 

results. 

After all possible fragments have been matched and improbable fragments have been removed, 

the algorithm makes decisions on duplicate fragment assignments. For example, a single 

deconvoluted mass can be assigned to multiple theoretical masses provided these masses fall 
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within the error tolerance set by the user. The algorithm decides which fragment to keep depending 

on the version run. The unbiased version of the algorithm assigns the fragment with a lower mass 

error (Figure 1B). If two fragments have exactly the same chemical formula (and as a result the 

same mass), both fragments are kept and displayed. The biased version of the algorithm favors the 

terminal fragments (Figure 1B). If a terminal fragment and an internal fragment are matched to a 

single deconvoluted mass, the terminal fragment is chosen as the assignment. If two terminal or 

two internal fragments are matched to the same deconvoluted mass, the fragment with the lower 

mass error is assigned. However, two terminal or two internal fragments with exactly the same 

chemical formula and mass are retained. These features were incorporated to limit false positive 

matches. 

After completion of the algorithm, the results are output for the user to observe. The output 

includes the fragment type, any fixed and variable modifications, any terminal modifications, the 

observed mass, the theoretical mass calculated by ClipsMS, the starting and ending amino acids, 

the error of the observed mass compared to the theoretical mass, the sequence of the fragment, the 

intensity given by the user, and the molecular formula of the fragment (Table S2). This table allows 

for manual interpretation of the data if desired. 

The time it takes for the algorithm to run depends on the length of the protein sequence, the number 

of fragments uploaded, and the number of modifications on the protein sequence. Peptides and 

small proteins (< 30 kDa) with a few hundred deconvoluted peaks take less than 1 minute to 

analyze on a laptop with 12GB of ram with an Intel Core i7-2760QM processor (4 cores @ 2.40 

GHz). Larger sequences or sequences with more modifications can take up to a few minutes to 

complete. At the end of every run, a .csv document with all matched fragments is exported (Table 

S2) and 3 figures are output representing the fragments that are matched.  
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Top-down fragmentation data analysis using ClipsMS 

To test ClipsMS for top-down fragmentation analysis, apo-myoglobin was prepared in denaturing 

conditions and electrosprayed on a Bruker 15T FT-ICR MS (Figure S2A). Apo-myoglobin was 

fragmented with broadband electron capture dissociation (ECD) MS (Figure 2A). In the resulting 

spectrum, charge reduced precursor ions are present as well as fragment ions (Figure 2A). The 

data deconvoluted from the SNAPTM algorithm was input to the algorithm along with the intensity 

values and the biased version of the algorithm was run. 

 
Figure 2. A. Broadband ECD MS of 20 µM apo-myoglobin formed from acidic denaturing 
conditions. B. A fragment location map indicating the region of the protein sequence covered by 
terminal and internal fragments. C. A sequence coverage map for the terminal and internal 
fragments. Darker regions indicate more coverage. D. A fragment cleavage map indicating the 
location of inter-amino acid cleavage sites for terminal and internal fragments.  
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Unlike terminal fragments where one end is fixed, internal fragments contain neither the N nor C 

terminus. Because neither terminus is fixed, it is difficult to represent internal fragments with the 

conventional top-down fragmentation map such as the one used by Prosight Lite23 and MASH 

Explorer.24 To represent both terminal and internal fragments, the algorithm outputs 3 figures: (i) 

a fragment location map, (ii) a sequence coverage map, and (iii) a fragmentation cleavage site map. 

Each of these figures displays a key piece of information to describe the data analyzed by the 

algorithm. 

The first figure displays the data in a way so that the number of internal fragments identified is 

easily determined and the coverage of the protein sequence can be easily shown (Figure 2B). In 

addition, the size of the dots indicates the relative intensity of the matched fragments. The 

myoglobin data indicated that 98 c and z terminal fragments were assigned, and 15 cz internal 

fragments were assigned (Figure 2B). Furthermore, the data indicates that the internal fragments 

are normally lower in abundance than many of the terminal fragments (Figure 2B). This data also 

shows that the c and z terminal fragments assigned heavily cover both the N and C terminal regions 

of the sequence and the cz internal fragments cover the interior of the protein.  

The second figure includes the sequence information map of a protein. This map is based off a 

figure in a paper published by the Kelleher lab.21 The figure represents the areas of the sequence 

that are covered by the product ions. Darker regions of the sequence indicate regions of the protein 

that are covered by many fragments while lighter colored regions of the sequence indicate regions 

of the protein that are covered by fewer fragments. This data indicates regions of the protein that 

terminal and internal fragments cover. Terminal fragments heavily cover the ends of protein 

sequences and internal fragments cover the interior of the protein. Internal fragments increase the 

amount of sequence information of the protein. In the apo-myoglobin data, the sequence coverage 
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is 59% when only terminal fragments are considered; however, by including internal product ions 

in the search, the sequence coverage was increased to 66% (Figure 2C). Including internal 

fragments tends to enhance the sequence coverage on proteins by giving information of the amino 

acid sequence in the center of the protein sequence. 

The third figure displayed shows the cleavage sites of terminal and terminal fragments. Analyzing 

internal fragments can increase the number of fragmentation sites that occur in the protein 

sequence. The cleavage sites of terminal fragments and the cleavage sites of internal fragments are 

displayed. In the apo-myoglobin data, it is shown that the terminal fragments identified cleave at 

90 of the 152 inter-residue cleavage sites of the protein (Figure 2D). Inclusion of cz internal 

fragments increased the number of cleavage sites on apo myoglobin to 101 (Figure 2D). Increasing 

the number of cleavage sites can increase confidence in the sequence identity as more protein 

information can be extracted.   

 

Variable modification feature of ClipsMS 

ClipsMS can also be utilized to investigate variable modifications on protein fragment ions. When 

variable modifications are considered, ClipsMS will generate a list of fragments with the addition 

and/or subtraction of a user defined mass after it has searched for the unmodified masses. This list 

of fragments will then be matched to fragments that the user has input. For wt apo-myoglobin, we 

investigated the variable modification feature by examining c, z, and cz fragments from wt apo-

myoglobin that can be matched with the loss/gain of a hydrogen atom (1.00783Da), which are 

prevalent in ECD.28 Including the addition of a hydrogen atom increased the number of 

assignments to 158 (Figure S3B). In addition the sequence coverage increased to 78% when 
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fragments with an extra hydrogen were searched (Figure S3C) and the number of cut sites 

increased to 118 (Figure S3D). This data indicates that ClipsMS’s variable modification feature 

can be utilized to increase the number of assignments and the sequence coverage of proteins. In 

addition to analyzing fragments with neutral mass losses, this feature can also be used to pinpoint 

PTMs where the location is not specified and/or ligand binding sites of a protein as the inclusion 

of internal fragments could give more informative data on where PTMs and ligand binding occurs. 

 

Confirmation of fixed modification sites using ClipsMS 

To test ClipsMS’s fixed modification feature, apo-myoglobin was oxidized and fragmented with 

ECD. An MS1 spectrum of oxidized apo-myoglobin showed a mass difference of 32Da compared 

to wt apo-myoglobin, suggesting that 2 oxidation sites were present (Figure S2B). Oxidation of 

intact proteins can occur on methionine residues,29 and apo-myoglobin contains two methionine 

residues at positions 55 and 131. To confirm that oxidation occurred on these two residues, 

broadband ECD was performed on the oxidized myoglobin sample (Figure 3A). For oxidized apo-

myoglobin, 73 terminal fragments and 20 internal fragments were identified, with 39 of those 

fragments containing a single oxidation site and 1 fragment containing both oxidation sites (Figure 

3B). Modifications on apo-myoglobin were confirmed to be on methionine 55 and 131 and these 

sites are indicated by a dashed line (Figure 3B). This data indicates that the inclusion of internal 

fragments enhances the confidence of the location of both oxidation sites. 

Terminal fragments cover the residues near N and C terminus while the internal fragments cover 

the residues interior of the protein (Figure 3C). For Met-55, terminal fragments cover the residue 
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11 times, and 4 additional internal fragments cover Met-55. Similarly, Met-131 was covered by a 

terminal fragment 23 times, and 3 additional internal fragments cover the modified residue.  

 
Figure 3. A. Broadband ECD MS of 20 µM oxidized apo-myoglobin formed from acidic 
denaturing conditions. B. A fragment location map indicating the region of the protein sequence 
covered by terminal and internal fragments. Dashed lines indicate sites of oxidation. C. A sequence 
coverage map for the terminal and internal fragments assigned indicating terminal and internal 
fragments cover both oxidation sites. Darker regions indicate more coverage. D. A fragment 
cleavage map indicating the location of inter-amino acid cleavage sites for terminal and internal 
fragments. Red amino acids indicate sites of oxidation. 

 

When the inter-amino acid cleavage sites of apo-myoglobin are considered, terminal fragments 

account for 67 inter-amino cleavage sites and inclusion of internal fragments increased the number 

of inter-amino acid cleavage sites to 84 (Figure 3D). This included a cut site between position 53 

and 54, which narrowed down the location of oxidation on Met-55. Increased coverage of residues 

with PTMs increases confidence that a modification occurs on a particular residue.  
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DISCUSSION 

ClipsMS efficiently assigns both terminal and internal fragments present in top-down mass spectra. 

Assigning internal fragments can enhance top down mass spectrometry analysis (Figure 2B). For 

apo-myoglobin, the sequence coverage obtained was enhanced from 59% to 66%. This data agrees 

well with previous reports obtained for proteins and peptides.26, 30-31 Conventionally, internal 

fragment analysis has been ignored; including internal fragments may help to increase the 

molecular weight limit of 30 kDa that is often observed for high sequence coverage TD-MS.17, 32-

33 Here, we demonstrate that internal fragments can provide more information of the interior of the 

protein (Figure 2C). In addition, a plethora of PTMs are located within the interior of protein 

sequences,34 hence internal fragment assignments can aid in the localization of these PTMs.  

Although ClipsMS has been shown to be a powerful tool for top-down fragmentation assignments, 

there are a few limitations of the algorithm. Duplicated fragments pose a problem for internal 

fragment analysis. A single deconvoluted mass can be matched to multiple theoretical masses due 

to those fragments having the same elemental composition. It is possible that a better 

understanding of top-down fragmentation mechanisms and/or ion mobility analysis of top-down 

fragments can help overcome this issue. Another current limitation of ClipsMS is that neutral 

losses on specific fragment types are not considered.28, 35-36 In the future, the algorithm will include 

the capability to specifically search for neutral losses and more diverse fragment types such as c+1 

fragments, z+1 fragments, and z· fragments. Lastly, larger sequences with more fragments can take 

up to a few minutes to complete. For example, a dummy 1023 amino acid sequence (116.3kDa) 

with 250 fragments took approximately an hour to run on a laptop with 12GB of ram with an Intel 

Core i7-2760QM processor (4 cores @ 2.40 GHz). Currently however, the architecture of the 

algorithm is such that it only uses a single core, which limits the processing times. By allowing 
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access to more cores and/or ram the processing time can be significantly reduced. Despite all these 

limitations, the information obtained from ClipsMS can still be beneficial for top-down protein 

fragmentation analysis. 

As top down proteomics becomes more mainstream in proteome research, it is becoming 

increasingly important to efficiently analyze top-down mass spectrometry data. The top down 

community for the most part has disregarded internal fragments and opted to only analyze terminal 

fragments. By analyzing internal fragments, it is possible to gain more insight into the protein 

sequence. We hope this algorithm will aid researchers to mine some of the previously unknown 

“dark matter” in top-down mass spectra and will spur research in proteomics and the proteoforms 

that exist in nature. 
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